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ABSTRACT
We present a statistical analysis of flybys of dark matter halos compared to mergers using cosmo-
logical N -body simulations. We mainly focus on gravitationally interacting target halos with mass of
1010.8 – 1013.0 h−1M, and their neighbors are counted only when the mass ratio is 1:3 – 3:1 and the
distance is less than the sum of the virial radii of target and neighbor. The neighbors are divided into
the flyby or merger samples if the pair’s total energy is greater or smaller, respectively, than the cap-
ture criterion with consideration of dynamical friction. The main results are as follows: (a) The flyby
fraction increases by up to a factor of 50 with decreasing halo mass and by up to a factor of 400 with
increasing large-scale density, while the merger fraction does not show any significant dependencies
on these two parameters; (b) The redshift evolution of the flyby fraction is twofold, increasing with
redshift at 0<z <1 and remaining constant at z > 1, while the merger fraction increases monotonically
with redshift at z = 0∼ 4; (c) The multiple interactions with two or more neighbors are on average
flyby-dominated, and their fraction has a mass and environment dependence similar to that for the
flyby fraction; (d) Given that flybys substantially outnumber mergers toward z = 0 (by a factor of
five) and the multiple interactions are flyby-dominated, the flyby’s contribution to galactic evolution
is stronger than ever at the present epoch, especially for less massive halos and in the higher density
environment. We propose a scenario that connects the evolution of the flyby and merger fractions to
the hierarchical structure formation process.
Keywords: Galaxy interactions (600), Galaxy encounters (592), Cosmological evolution (336), Galaxy
environments (2029), Dark matter (353), Galaxy dark matter halos (1880), Large-scale
structure of the universe (902), N-body simulations (1083)
1. INTRODUCTION
The standard ΛCDM model of cosmology depicts that
the present cosmic structures originate from tiny quan-
tum fluctuations in the early universe. Tiny, overdense
regions are believed to gravitationally collapse and form
virialized halos of dark matter. According to the current
paradigm of structure formation, a bigger halo forms
later by merging smaller halos in a hierarchical manner
(e.g., White & Rees 1978; Springel et al. 2005). There-
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fore, numerous studies have acknowledged the merger
as a key to understanding the cosmic evolution of galax-
ies (e.g., White 1978; Farouki & Shapiro 1982; Barnes
1992; Bekki 1995; Springel & White 1999; Cox et al.
2006; Fakhouri & Ma 2008; Lotz et al. 2008; Perret et al.
2014).
Recently, however, the flyby encounter has emerged as
a new and important type of galactic interaction with
neighbors. Although it has attracted less attention than
the merger, the flyby may be a hidden driver behind
dynamical and chemical processes that cannot be ex-
plained solely by a merger (e.g., Weinberg & Blitz 2006;
Patton et al. 2013). For instance, the existence of disk
galaxies points to the importance of nonmerger pro-
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cesses because their disk structures are highly vulner-
able to major mergers. Moreover, the substructures in
disk galaxies are not properly accounted for by mergers
alone and invoke orbiting or passing neighbors. Toomre
& Toomre (1972) and Eneev et al. (1973) showed that
a close encounter by a galaxy in parabolic or hyperbolic
orbit may be involved in the formation of tidal tails,
spiral patterns, and galactic warps. Subsequent studies
have further supported this hypothesis (e.g., Tutukov &
Fedorova 2006; Dubinski & Chakrabarty 2009; D’Onghia
et al. 2010; Kim et al. 2014; Go´mez et al. 2017). The
tidal perturbation induced by flybying neighbors may
create galactic bars (Noguchi 1987; Miwa & Noguchi
1998; Berentzen et al. 2004; Lang et al. 2014; Martinez-
Valpuesta et al. 2017), ring structures (Younger et al.
2008), and kinematically decoupled cores (Hau & Thom-
son 1994; De Rijcke et al. 2004). Repeated flybys can
expand galactic disks (Laine et al. 2014), transform
disk galaxies into lenticular galaxies (Moore et al. 1999;
Gnedin 2003; Bekki & Couch 2011; Villalobos et al.
2014), change the direction of the galaxy’s angular mo-
mentum (Bett & Frenk 2012; Cen 2014), and enhance
(Patton et al. 2013) or quench (Wetzel et al. 2014) star
formation activity.
There have been several efforts to quantify the im-
portance of the flyby in a cosmological context. Early
studies considered the galaxy cluster as a noteworthy
place for the galactic interaction, especially for the flyby.
Gnedin (2003) found that the number of close encoun-
ters is even ∼1000 times higher than that of mergers for
cluster galaxies. Knebe et al. (2004) also investigated the
flyby with other member galaxies or satellites in clusters
and showed that about 30 % of cluster galaxies experi-
ence at least one flyby per orbit. Recent cosmological N -
body simulations also pointed out that a large fraction
of halo pairs are unbound even as they are physically in-
teracting. Sinha & Holley-Bockelmann (2012) reported
that contamination by flybys in counting bound pairs
amounts to at least 20 – 30 % at z < 3, which is similar
to other measurements at z∼ 0 (Perez et al. 2006; Ton-
nesen & Cen 2012). Moreno et al. (2013) also revealed
that∼62% (∼2%) of satellite–satellite (central–satellite)
pairs are unbound from each other. A substantial frac-
tion of galaxy (or halo) pairs (∼50%) identified at high
redshifts (z& 1) do not merge until z= 0 (Jian et al.
2012; Moreno 2012; Snyder et al. 2017). Although the
effect of the flyby has been consistently uncovered, it still
remains unclear which parameters govern the frequency
and properties of the flyby interaction.
This series of papers investigates both theoretically
and observationally the characteristics of galactic inter-
actions and their effect on the properties and evolution
of galaxies in terms of dynamics and stellar populations.
Moon et al. (2019, Paper I) showed the hydrodynami-
cal effect of the nearest neighbor on star formation ac-
tivity using the Sloan Digital Sky Survey (SDSS; York
et al. 2000). In the present second paper, we identify
dark matter halos with their interacting neighbors in
cosmological N -body simulations, statistically analyze
the fractional contribution of flybys in comparison to
mergers, and comparatively explore their evolution as
functions of the halo mass, the large-scale environment,
and the redshift. This paper attempts to answer three
main questions: (a) How frequently does a halo experi-
ence flyby events as functions of the halo mass, large-
scale environment, and redshift, in comparison to merg-
ers? (b) How strongly does the flyby affect the galactic
evolution compared to the merger? (b) To what extent
are the flyby fraction and the hierarchical structure for-
mation related?
The paper is organized as follows. Section 2 describes
the cosmological simulations and the halo-finding algo-
rithm. Section 3 gives the definition of sampled halo
pairs and their classification into flybys and mergers.
Section 4 comparatively examines the flyby interaction,
the merger interaction, the total (flyby + merger) inter-
action, and the “multiple” interaction and reveals their
behaviors depending on halo mass, environment, and
redshift. In Section 5, we discuss the physical causes of
the dependence of the interaction fractions on the three
parameters, and we link the flyby and merger fractions
to the hierarchical structure formation. Section 6 sum-
marizes the results.
2. SIMULATIONS AND HALO FINDING
We use the Grid-of-Oct-Trees-Particle-Mesh code
(GOTPM; Dubinski et al. 2004), which adopts a Tree-
Particle-Mesh (TPM) scheme to measure the gravita-
tional force on each particle under the periodic bound-
ary conditions. GOTPM is fully parallelized using the
MPI and OpenMP with variable-length domain decom-
positions of Z-directional slabs. GOTPM gets the initial
power spectrum from the Code for Anisotropies in the
Microwave Background (CAMB; Lewis et al. 2000) soft-
ware.
We perform a set of 10 simulations using 5123 par-
ticles (GOTPM512) in a periodic cubic box with a
side length of Lbox = 64h
−1Mpc. The mass resolution
of the simulations is Mp = 1.55×108 h−1M. To see the
volume effect on the structure formation and to make
Virgo-like clusters of halos, we additionally run another
simulation with a bigger box of Lbox = 128h
−1Mpc
but with the same mass resolution using 10243 par-
ticles (GOTPM1024). For the entire 11 simulations,
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the fractions of matter and dark energy are Ω0m = 0.29
and ΩΛ = 0.71, respectively, and the Hubble parame-
ter at the current epoch is H0 = 100h km s
−1 Mpc−1,
where h= 0.69 (WMAP 9-year cosmology; Bennett et al.
2013). The softening length () is set to 1/10 of the mean
displacement between particles, and  is 12.5h−1kpc in
comoving scale in all simulations. We save 114 snapshots
between z= 129 and zero with a time spacing of ∼0.12
Gyr.
We utilize the Robust Overdensity Calculation using
K-Space Topologically Adaptive Refinement (ROCK-
STAR; Behroozi et al. 2013b), which uses six-
dimensional phase information (position and velocity) of
halo particles. ROCKSTAR applies the six-dimensional
friend-of-friend (FoF) algorithm to identify member
particles of (sub)halos. To find virialized halos, the
percolation linking length between particles is set to
lFoF = 0.28 dmean, where dmean is the mean particle sep-
aration. After finding the FoF halos, the mutual phase-
space distance between member particles is used to
divide the FoF halo into subhalos. This phase-space
scheme determines the particle membership of each sub-
halo by using the current circular maximum velocity
(vmax) and current velocity dispersion (σv) of each sub-
halo, which is a major factor in stabilizing the particle
membership.
Dark matter halo properties are defined based on
the virial approximation from Bryan & Norman (1998).
The virial mass (Mvir) is a sum of masses of the
member particles exceeding the virial density thresh-
old (ρvir). Then, the virial radius (Rvir) is calculated
with Rvir ≡ (3Mvir/4piρvir)1/3. For example, if we adopt
lFoF = 0.28 dmean, a Milky Way-like halo with M ∼
1012 h−1M has a virial radius of Rvir ∼ 200h−1kpc
at z = 0, which corresponds to the extent to which
the mean overdensity of the halo is about 360 times
the background density (e.g., Klypin et al. 2011). At
z= 0, the number of halos extracted from the entire
simulations is 2,046,538 with a halo mass greater than
109.8 h−1M, which corresponds to the total mass of
40 particles. Note that we do not distinguish central
and satellite subhalos from our (sub)halo catalog, while
ROCKSTAR identifies one central subhalo and satel-
lite subhalos (if any) in each FoF halo. From now on, a
halo refers to a subhalo.
In identifying interacting halos, ROCKSTAR has two
big advantages over other algorithms. First, instead of
using all member particles, it uses particles only in the
innermost region (10 % of the halo radius) of a halo to
define the position and velocity of the halo (see Behroozi
et al. 2013b for details). This reduces the effect of tidally
induced, stretched structures that are due to the grav-
itational interaction and, therefore, allows the halo’s
position and velocity to trace the halo density peak
well. Second, Behroozi et al. (2015) compared various
halo-finding algorithms to examine their differences for
major-merging halos at a given mass, and they found
that phase-space finders recover well subhalo masses as
well as positions and velocities from an input model.
As the phase-space finder is able to trace the subhalos
right before the coalescence, it derives a more accurate
interaction fraction of identified halos.
Our simulations are sufficient for the statistical anal-
ysis of flyby and merger interactions for the following
four reasons. First, in this study we only consider halos
with at least 100 member particles to suppress the noise
in our statistical analysis of the interactions of halos.
Sinha & Holley-Bockelmann (2012) checked the mass-
resolution effect on the number of interactions with a
low- and high-resolution simulations of 5123 and 10243
particles, respectively, in the same box size. They found
that, if the analyzed halo consists of over 100 particles,
the fluctuation in the number of halo interactions for a
given mass scale does not exceed 1 %, implying that the
mass resolution barely affects their conclusion. Second,
the effect of cosmic variance is reduced by running simu-
lations with different random seed numbers used to gen-
erate the initial conditions. This enhances the statistical
significance of our data, and, accordingly, the maximum
Poisson error (
√
N/N) substantially shrinks by 23.6 %
when compared to one GOTPM512 simulation. Third,
the GOTPM1024 simulation reproduces the larger-scale
power better than the GOTPM512, and thus we can
deal with the interaction fraction even for the Virgo-like
clusters. In a comparison between 10 GOTPM512 sim-
ulations and one GOTPM1024 simulation, missing the
large-scale power in the high-density environment does
not significantly affect our conclusion (see Appendix A).
Lastly, the time step (∼0.12 Gyr) between two snapshots
is smaller than the crossing time of Milky Way-sized ha-
los, which is defined as R/v where R is a radius of the
halo and v is a rotation velocity with a circular orbit
at R. In the case of the 1012 h−1M halo, the crossing
time at z= 0 is ∼1 Gyr (200 kpc / 200 km s−1), which
corresponds to about eight steps over the course of tidal
interactions.
3. ANALYSIS
3.1. Halo Pair Sample
The distance between two halos in a pair is the most
important factor in identifying the interacting pair sam-
ple. Interactions happen when a halo is affected by the
gravitational force from another halo (noncontact inter-
actions) and when their virial regions of halos overlap
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Figure 1. GOTPM1024 snapshots at redshift z= 0.000 (left), z= 1.012 (middle), and z= 3.106 (right) with thickness of
10h−1Mpc in the Z-direction. The color bar indicates the environmental parameter (ΦEnv), which is the percentile rank of
the enclosed total mass of halos with masses greater than 109.8 h−1M within a comoving radius of 5h−1Mpc. The size of circles
represents five times the virial radius.
each other (contact interactions). In this paper, we take
into account only the contact interaction case, whose
distance criterion is expressed by
D12 < Rvir,1 +Rvir,2, (1)
where D12 is the distance between the center positions
of two constituent halos and Rvir is the virial radius of
each halo. As mentioned in Section 2, the halo center is
defined as the center of mass of the bound particles in
the halo’s innermost region to avoid misinterpretation
by the tidally perturbed structures during the contact
interaction.
This study focuses on the major interaction between
two halos with similar masses (e.g., Milky Way and An-
dromeda). We define the major interaction as the mass
ratio (Mneigh/Mtarget) of halo pairs ranging from 1/3 to
3, whereMtarget is the mass of the target halo andMneigh
is the mass of its neighboring halo. The mass range of
the target halos we deal with is 1010.8 – 1013.0 h−1M.
The minimum mass (1010.8 h−1M) of a target halo is
equivalent to ∼400 member particles, and its neighbor-
ing halo with one-third of 1010.8 h−1M has over 130
particles.
3.2. The Environmental Parameter
There are three main methods for defining the en-
vironment (Muldrew et al. 2012): (1) nth-nearest-
neighbor, (2) fixed aperture, and (3) fixed annulus. We
apply the fixed aperture method to the environment def-
inition because this method is well known to describe
the large-scale environment (such as fields, filaments,
and clusters) better than other methods (Muldrew et al.
2012). The number count of halos is replaced by the total
mass of halos in order to include the effect of massive
halos. To obtain the environmental parameter (ΦEnv),
we first measure the total mass (MEnv) of halos in our
halo catalog (Mhalo > 10
9.8 h−1M) within a sphere of a
comoving radius of R= 5h−1Mpc. Then, ΦEnv is defined
as a percentile rank order of MEnv given by
ΦEnv,i ≡ rank(MEnv,i), (2)
and
MEnv, i =
∑
Mhalo, j for Dij < 5h
−1Mpc, (3)
where Dij is the distance between the ith target halo
and its jth neighboring halo. The range of ΦEnv is from
0 to 100.
Figure 1 shows three snapshots of the projected halo
distributions with thickness of 10h−1Mpc in Z-direction
at three different redshifts. The percentile rank method
has an advantage of tracing given overdense regions from
high redshifts to the present. The highly ranked envi-
ronment at z= 0.0 is largely highly ranked at z= 3.1.
This thus makes us reduce the selection effect when
we analyze the redshift evolution of interaction frac-
tions. For the analysis of the environmental depen-
dence of the redshift evolution, we classify the environ-
ment into low-density (ΦEnv≤ 35), intermediate-density
(35<ΦEnv≤ 65), and high-density (ΦEnv > 65) environ-
ments. The figure shows that the environmental param-
eter, ΦEnv, properly represents the cosmic web type, and
it is consistent with other environment definitions (e.g.,
L’Huillier et al. 2015; see Appendix B).
3.3. Definition of the Flyby and Merger
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The total energy of an interacting pair is required to
determine whether or not the halos are bound to each
other by mutual gravitational potential (Tonnesen &
Cen 2012; Moreno et al. 2013). In this analysis, the halo
pair is simply modeled as an isolated two-body system.
The total energy is a sum of kinetic and potential ener-
gies and calculated by
E12 = M1M2
{
1
2
|V1 − V2 +H(z)R12|2
M1 +M2
− G|R12|
}
,
(4)
where M1 and M2 are the masses of the two constituent
halos, V1 and V2 are their peculiar velocities with re-
spect to the center of mass of the system, H(z) is the
Hubble parameter at a given redshift, and R12 is the
displacement vector between the centers of the two ha-
los. The Hubble flow, H(z)R12, is usually in the form
of the recession velocity when calculating the relative
velocity between the halos.
If the total energy of a pair system is positive (nega-
tive), the pair would be unbound (bound). However, the
total energy of the system is reduced by the dynamical
friction during the contact interactions, and even the
sign of the total energy can turn from positive to neg-
ative. Sinha & Holley-Bockelmann (2012) showed that
∼20% of flybys finally merged after their first passage.
For a more robust classification (i.e., flybys or mergers)
of the interaction, we employ the capture criterion of
Gnedin (2003). The capture criterion is defined as
∆E = 2.4µ
Mneigh
Mtarget
σ4target
V 2rel + σ
2
target
, (5)
where µ is a reduced mass of the pair system, σtarget
is a velocity dispersion of the target halo, and Vrel
is a magnitude of relative velocity between two con-
stituent halos. Although Equation (5) is analytically de-
rived from the assumption of an isothermal density pro-
file of a halo, the number fraction of pair systems with
0 ≤ E12 < ∆E is consistent with the finding of Sinha &
Holley-Bockelmann (2012). Approximately 20 % of tar-
get halos with interacting neighbors with E12 ≥ 0 have
a total energy smaller than the capture criterion (see
Appendix C), and they merge with their neighbors de-
spite the positive total energy. We label an interacting
halo pair as a flyby or a merger when the total energy is
greater than the capture criterion (E12≥∆E) or smaller
than the criterion (E12<∆E), respectively. The analy-
sis focuses only on the current status of pairs, so it is
not necessary to consider the merging time scale with
respect to the Hubble time.
3.4. Interaction Fraction
In this study, three interaction fractions are considered
in the halo pair catalog: the interaction fraction (FI), the
flyby fraction (FF), and the merger fraction (FM). The
interaction fraction is defined as
FI ≡ NI
Ntarget
, (6)
where
NI =
Ntarget∑
i
NI,i , (7)
and the interaction number of the ith halo is NI,i = 0
or 1. We define NI,i = 1 even in the case that the ith
target halo has multiple interacting (flybying or merg-
ing) neighbors. Consequently, FI ranges between 0 and
1. This thus enables us to avoid the number of interac-
tions to be scaled with O(N2). Likewise, we apply the
same rule to the flyby and merger cases:
NF =
Ntarget∑
i
NF,i and NM =
Ntarget∑
i
NM,i. (8)
Note that a halo may have flyby and merger events
at the same time. In the halo pair sample of
1010.8 h−1M<Mtarget< 1013.0 h−1M at z = 0 ex-
tracted from 11 simulations, 30,392 halos have inter-
acting neighbors, among which 14,693 halos have fly-
bying neighbors and 17,155 halos have merging neigh-
bors. About 4.8 % of the halo pair sample have flyby and
merger events simultaneously at z = 0. We will discuss
the multiple-interaction cases in detail in Section 4.3.
4. RESULTS
4.1. Mass versus Environment Planes of FI, FF, FM,
and FF/FM
Figure 2 illustrates the interaction fraction (FI), flyby
fraction (FF), merger fraction (FM), and ratio between
FF and FM (FF/FM) as functions of the halo mass
and environment at three different redshifts: z' 0 (left
columns), z' 1 (center), and z' 3 (right). In the top
row, the interaction fraction shows a marginal correla-
tion with the halo mass and environment at all red-
shifts. The FI values slightly decrease with increasing
halo masses and with decreasing ΦEnv. The trend is con-
sistent qualitatively with that of L’Huillier et al. (2015).
Whereas L’Huillier et al. (2015) used a mass ratio cri-
terion of Mneigh/Mtarget> 0.4 with no upper boundary,
our criterion (1/3 < Mneigh/Mtarget < 3) sets an up-
per boundary, by which we do not count interactions of
less massive target halos with more massive neighbors,
which occur more frequently in the denser environment.
As a result, our mass and environmental dependence is
weaker than that of L’Huillier et al. (2015).
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Figure 2. Interaction fraction (FI; top row), flyby fraction (FF; second row), merger fraction (FM; third row), and ratio between
FF and FM (FF/FM; bottom row) as functions of the halo mass and the environmental parameter (ΦEnv) at z' 0 (left columns),
z' 1 (center), and z' 3 (right). To enhance the statistical significance, the data from five successive snapshots are combined.
Four values are expressed by the color bars on the right, and bins with the number of target halos smaller than 50 are omitted
and left as empty blocks.
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In the second row, the flyby fraction shows a clear
dependence on the halo mass and environment at all
redshifts of interest. At a given environment (and red-
shift), FF for the least massive halos is higher by up to
a factor of 50 than for the most massive counterparts.
The mass dependence tends to diminish in denser envi-
ronments. While the anticorrelation between the flyby
fraction and the halo mass is consistent with the inter-
action fraction and L’Huillier et al. (2015), it is opposite
to Sinha & Holley-Bockelmann (2012), who showed a
positive correlation. We attribute the opposite behav-
ior to Sinha & Holley-Bockelmann (2012) having a mass
ratio criterion that is different from ours. The flyby sam-
ple of Sinha & Holley-Bockelmann (2012) has no lower
boundary in the mass ratio (i.e., Mneigh/Mtarget< 1.0).
With no lower boundary, the flyby fraction is boosted
by numerous interactions of massive halos with smaller
satellites and thus correlated with the halo mass. At a
given mass (and redshift), FF increases by up to a fac-
tor of 400 with the increasing environmental parameter.
This environmental dependence is qualitatively consis-
tent with observational surveys (e.g., Lin et al. 2010)
and simulations (e.g., Jian et al. 2012).
In the third row, the merger fraction shows a quite
different trend from the flyby fraction in that the mass
and environmental dependencies of FM are very weak
over all redshifts analyzed in this study. The apparent
mass independence of FM is consistent with observations
(Xu et al. 2012). However, the environmental indepen-
dence is at odds with the findings of Lin et al. (2010)
and Jian et al. (2012). The origin of the mass and en-
vironmental dependence of FF and the independence of
FM will be discussed in Section 5.1.
In the bottom row, we plot the FF/FM ratio. The ra-
tio depends on the halo mass and environment, analo-
gously to the flyby fraction. Obviously, this is because
the flyby fraction only shows the clear dependence on
these parameters, while the merger fraction does not.
The FF/FM ratio increases with decreasing halo mass
(by up to a factor of 100) and with the increasing ΦEnv
(by up to a factor of 300). The maximum values of
FF/FM are 4.97, 2.49, and 1.12 at z' 0, 1, and 3, re-
spectively. In other words, the fractional contributions
of flybys to the pair fraction are 0.83, 0.71, and 0.53
at z' 0, 1, and 3, respectively. The flyby, as a source
of tidal perturbations, starts to outnumber the merger
(FF/FM > 1) at high redshift (z∼ 3) from the bins with
the least halo mass in the highest density. At z ' 0, the
flyby outnumbers the merger in 58 bins among the total
220 bins (∼26 %) on the mass–environment plane.
4.2. Redshift Evolution of FI, FF, FM, and FF/FM
Figure 3 presents the redshift evolution of the interac-
tion fractions (top row), flyby fractions (second row),
merger fractions (third row), and ratio of the flyby
fraction to the merger fraction (bottom row). Three
halo mass subsamples are compared in the range of
1011.4 h−1M<Mtarget(z = 0)< 1013.0 h−1M in three
different (low-, intermediate-, and high-density) environ-
ments. To take into account the progenitor bias (e.g., van
Dokkum & Franx 2001), we set the halo mass range as
a function of redshift by adopting the halo mass growth
function from Correa et al. (2015):
Mtarget(z) = Mtarget(z = 0) (1 + z)
0.24 e−0.75z. (9)
The progenitor halos of Mtarget(z = 0) have a mass
of Mtarget(z). By using this method, we can estimate
the past interaction fraction of halos with Mtarget(z =
0). An additional mass cut at each redshift should
be considered to have its corresponding halo mass
equal to 1010.8 h−1M at the starting redshift be-
cause the minimum halo mass is set to be Mmin =
1010.8 h−1M. According to Equation 9, we divide
the halo pair sample into three subsamples: high-
mass halos (log10(hMtarget(z = 0)/M)∈ [12.2,13.0]),
intermediate-mass halos (∈ [11.7,12.2]), and low-mass
halos (∈ [11.4,11.7]). The lower boundary masses of the
subsamples become greater than the minimum mass at
z = 2.2, 3.1, and 5.0, respectively.
In the top row of Figure 3, the interaction fractions
increase with redshift, regardless of the halo mass and
environment. On average, the FI(z = 0) values are 0.06,
0.10, and 0.16 and the FI(z = 2) values are 0.13, 0.18,
and 0.25, for the low-, intermediate-, and high-density
environments, respectively. The slope seems slightly dif-
ferent depending on the environment. The slopes for the
low-, intermediate-, and high-mass halos are steeper by
a factor of ∼1.2, ∼1.7, and ∼2.6 in the low-density en-
vironment than in the high-density environment.
In the second row, the flyby fraction evolves depend-
ing on the environment. In the low-density environment,
the flyby fraction increases with redshift. The increas-
ing trend gets stronger for more massive halos: FF at
z= 2 for the high-mass (low-mass) halos is ∼15 (∼2.5)
times higher than that at z= 0. In the intermediate-
density environment, the redshift evolution of FF is qual-
itatively consistent with that in the low-density envi-
ronment. Note that FF evolves weakly with redshift at
z < 1, but remains constant at z > 1. In the high-
density environment, FF peaks at z∼0.35 (∼0.65), and
the maximum value of FF is 0.13 (0.09) for the high-
mass halos (intermediate-mass halos). Then it slightly
decreases with redshift. In the third row, the merger
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Figure 3. Redshift evolution of the interaction fraction (FI; top row), flyby fraction (FF; second row), merger fraction (FM;
third row), and ratio between FF and FM (FF/FM; bottom row) for the low-mass halos (log10(hMtarget(z = 0)/M)∈ [11.4, 11.7];
dotted lines), intermediate-mass halos (∈ [11.7, 12.2]; dashed lines), and high-mass halos (∈ [12.2, 13.0]; solid lines) in the low-
density (ΦEnv≤ 35; left), intermediate-density (35<ΦEnv≤ 65; center), and high-density (ΦEnv > 65; right) environments. The
Poisson error is shown by the shaded region.
fraction monotonically increases with redshift. The value
of FM is roughly 0.06 at z = 0 and 0.15 at z = 2.
The evolutionary trends of FI and FM are well de-
scribed by a form of (1 + z)m (e.g., Lin et al. 2010; Xu
et al. 2012) at all redshifts. The value of m is roughly 1.0
in three interaction fractions in spite of a transition in
the slope of FF. This weak redshift evolution with small
m-value was recently reported for the extension of the
galaxy pair sample to high redshift (z > 1; e.g., Keenan
et al. 2014; Mundy et al. 2017), in contrast to the strong
trend at low redshift (z < 1; e.g., Conselice et al. 2009;
Genel et al. 2009).
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In the bottom row of Figure 3, the redshift evolution
of FF/FM behaves in different ways depending on the en-
vironment. In the low-density environment, FF/FM in-
creases with redshift, and the slope tends to be steeper
for more massive halos (by up to 10), similarly to FF.
The increasing trend diminishes in the intermediate-
density environment and even gets reversed in the high-
density environment. This indicates that, as we ap-
proach the present epoch, the relative effect of the flyby
gets stronger (weaker) in the high-density (low-density)
environments. Interestingly enough, in the high-density
environment, FF/FM for the low-mass halos exceeds one
for the majority of the Hubble time. The value converges
to 1.6 at z = 0, indicating that 62 % of pairs are flybys.
The FF/FM ratio for the intermediate-mass halos has
also been over one since z∼1.3. For the high-mass ha-
los, FF/FM touches unity at the present epoch. In the
high-density environment, flybys are as frequent as or
more frequent than mergers at z . 2. We emphasize that
the flyby fraction can affect the amplitude and slope of
the observed pair fraction, varying with redshift. Snyder
et al. (2017) found that the number fraction of real merg-
ers among galaxy pairs decreases from 0.8 at z= 3 to 0.5
at z= 1. This is in line with our result that FF/FM in the
high-density environment becomes greater approaching
z = 0, and it suggests that the flyby fraction contributes
more to the pair fraction at lower redshift. We will dis-
cuss how significantly the flyby fraction contaminates
the observed pair fraction in Section 5.3.
4.3. Multiple Interaction Fraction
A target halo can have two or more interacting neigh-
bors at the same time. In our simulations, the num-
ber of target halos with two or more comparable-mass
(i.e., 1/3 – 3) companions is 4557 (∼ 15 % of NI, the to-
tal number of target halos with interacting neighbors) at
z= 0. About 5 % of NI possess both flybying and merg-
ing neighbors (see Section 3.4), and the remaining ∼
10 % have multiple flybying neighbors only or multiple
merging neighbors only. In this subsection, we measure
the multiple interaction (MI) fraction, defined by
FMI ≡ NMI
Ntarget
, (10)
where NMI is the number of target halos with multi-
ple interacting neighbors. The multiple interactions are
classified into three subsamples: (a) the flyby-dominated
multiple interaction (FMI), in which the cumulative
number of flybying neighbors is larger than that of merg-
ing neighbors (nF,i > nM,i); (b) the merger-dominated
multiple interaction (MMI; nF,i < nM,i), which is op-
posite to the FMI; and (c) the equally-contributed mul-
tiple interaction (EMI), in which the numbers of fly-
bying neighbors and merging neighbors are equivalent
(nF,i = nM,i). Note that nF,i 6= NF,i; nF,i is a cumula-
tive number, but NF,i is a noncumulative number (0 or
1).
Figure 4 presents the multiple interaction (MI) frac-
tion (FMI; top row) and the contribution of the three
types of multiple interactions to the MI fraction (second,
third and bottom rows) on the halo mass–environment
planes at three different redshifts. In the top row, the
MI fraction strongly depends on both the halo mass
and environmental parameter at all redshifts, and the
trend is similar to that of the flyby fraction (see second
row of Figure 2). As the halo mass increases and ΦEnv
decreases, FMI becomes lower by up to 40 and 100, re-
spectively. On average, FMI increases with redshift. The
maximum values of FMI are 0.078, 0.109, and 0.128 at
z ' 0, 1, and 3, respectively. The MI fraction derived
from our simulations tends to be higher than the obser-
vational result of Darg et al. (2011). They identified the
multimerger system using the Galaxy Zoo catalog and
found that the ratio of triple systems to binary systems
is smaller than 2% (multiple/binary≤ 2.5 %). In our sim-
ulations, the ratio of FMI to FI at z ' 0 is on average
0.15 (multiple/binary' 18 %), which is over five times
higher than the observational upper limit. This is be-
cause of our larger distance criterion (approximately 10
times higher than that of Darg et al. 2011). If we set the
distance criterion to 30h−1kpc, the ratio FMI/FI is re-
duced to 0.045 (multiple/binary' 4.7 %) and is still two
times higher than the result of Darg et al. (2011). This is
attributed to the underestimation of binary systems (bi-
nary/single∼ 0.5 % in the case of 30h−1kpc) by the low
force resolution of our simulations ( = 12.5h−1kpc).
The three types of multiple interactions contribute dif-
ferently to the MI fraction. In the lower three rows of
Figure 4, we plot the number fractions of multiple in-
teraction types with respect to the number of MI tar-
get halos: (1) the number fraction of FMI target halos
(µFMI ≡ NFMI/NMI; second row), (2) the number frac-
tion of MMI target halos (µMMI ≡ NMMI/NMI; third
row), and (3) the number fraction of EMI target halos
(µEMI ≡ NEMI/NMI; bottom row). The contribution of
FMIs is both mass dependent and environment depen-
dent (second row), similarly to the flyby fraction and MI
fraction. For the low-mass halos in the high-density en-
vironment, the majority of the MIs are FMIs. Moreover,
µFMI tends to decrease with redshift. The maximum
contributions of FMIs are 1.0, 0.79, and 0.69 at z ' 0,
1, and 3, resepctively. This is in line with the trend of
FF/FM in the high-density environment (see bottom row
of Figure 3), where flybys happen the most frequently.
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Figure 4. Same as Figure 2, but for the multiple interaction (MI) fraction (FMI; top row) and the relative contribution of
flyby-dominated MIs (µFMI; second row), of merger-dominated MIs (µMMI; third row), and of equally contributed MIs (µEMI;
bottom row) to the MI fraction. In all panels, bins with the number of target halos smaller than 50 are omitted and left as
white, empty blocks. In the lower three panels, bins with FMI = 0.0 (no multiple interaction) are also marked as empty blocks.
The contribution of MMI (µMMI) shows an opposite
trend to that of FMI (third row). As the halo mass in-
creases and ΦEnv decreases, µMMI becomes higher, and
these conditions cause the merger fraction to highly ex-
ceed the flyby fraction (see bottom row of Figure 3).
In the bottom row, the EMI contribution (µEMI) has
weaker mass and environmental dependence, compared
to µFMI and µMMI. The mean value of µEMI is about
0.23. Only for halos with Mtarget > 10
12 h−1M does
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Figure 5. Same as Figure 3, but for the multiple interaction (MI) fraction (FMI; top row) and the relative contribution of
flyby-dominated MI (µFMI; second row), of merger-dominated MI (µMMI; third row), and of equally contributed MI (µEMI;
bottom row) to the MI fraction.
the mass dependence emerge; µEMI tends to decrease
with increasing halo masses.
To further investigate differences in FMI, µFMI, µMMI,
and µEMI, we plot the redshift evolution of four variables
for nine subsamples in Figure 5. The top row shows that
the MI fraction rises with redshift. For instance, for the
intermediate-mass halos, the values of FMI at z = 0
(z = 2) are 0.003, 0.009, and 0.029 (0.012, 0.028, and
0.062) in the low-, intermediate-, and high-density en-
vironments, respectively. In the low- and intermediate-
density environments, the evolutionary trend is steeper
for the higher mass halos, while it is reversed in the
high-density environment. Compared to the interaction
fraction, the MI fraction on average evolves two times
more rapidly with redshift.
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Table 1. Summary of the Number of Target Halos with Interacting Neighbors at z = 0.
Sample Ntarget NF NM
NMI
all nF > nM nM > nF
All 263,256 14,693 17,155 4557 2841 588
Low-mass 35,304 1865 2316 561 352 81
Intermediate-mass 26,444 1287 1800 426 282 65
High-mass 11,682 455 1003 176 105 30
Low-density 92,888 1893 6027 744 313 200
Intermediate-density 79,184 4012 5668 1371 808 189
High-density 91,184 8788 5460 2442 1720 199
Note—“All” sample includes all target halos with log10(hMtarget/M)∈ [10.8, 13.0] and
0 < ΦEnv ≤ 100. The definitions of our mass and environment subsamples are specified
in Sections 4.2 and 3.2, respectively.
In the lower three rows, the contributions of the three
types of multiple interactions evolve differently with red-
shift depending on the environment. In the low-density
environment, three contributions are almost indepen-
dent of redshift. In most ranges of redshift, µMMI keeps
higher values than µFMI and µEMI. The values of µMMI
are approximately 0.39, 0.60, and 0.85 for the low-
, intermediate-, high-mass halos. In the intermediate-
density environment, µMMI slightly increases with red-
shift while µFMI and µEMI marginally decrease. The MI
type that contributes the most depends on the halo
mass: µFMI for the low-mass halos and µMMI for the
high-mass halos. For the intermediate-mass halos, µFMI
is the highest at z < 1.5 but µMMI at z > 1.5. In the
high-density environment, three contributions show dif-
ferent evolutionary trends. At all redshifts, µFMI de-
creases, µMMI increases, and µEMI remains constant.
The FMI is mostly the MI type with the highest contri-
bution, except for the high-mass halos at z > 2 where
µMMI is higher than µFMI. At z = 0, µFMI is roughly
0.7.
Table 1 gives the number of target halos with flybying
and merging neighbors. The number of target halos with
flybying neighbors is in general smaller than that with
merging neighbors except for the high-density environ-
ment. However, in the case of the multiple interaction,
the nF > nM cases always outnumber the nM > nF
cases. Even in the high-density environment, ∼ 20 % of
target halos with flybying neighbors have multiple fly-
bying neighbors, and thus the frequency of the flyby is
about two times greater than that of the merger.
5. DISCUSSION
5.1. Why Does the Flyby Fraction Only Depend on
Mass and Environment?
In this subsection, we delve into the physical causes
of the mass and environmental dependence of the flyby
fraction and the independence of the merger fraction.
We consider the following three factors: (1) the possibil-
ity of running into a halo with a comparable mass (i.e.,
an encounter with a mass ratio of 1:3 – 3:1), which is
higher for lower mass halos; (2) the relative velocity of
two halos in a pair, which depends on their large-scale
environment; and (3) the depth of the gravitational po-
tential well of a halo, which depends on the mass of the
halo.
First, the flyby fraction has an anticorrelation with
the halo mass. According to the halo mass function, the
number density of less massive halos is higher than that
of more massive halos (e.g., Press & Schechter 1974).
Less massive halos have higher possibility of an en-
counter with halos of comparable mass and thus have
the higher flyby fraction. For the same reason, the multi-
ple interaction fraction is also higher for the less massive
halos. The merger fraction, on the other hand, is rather
independent of the halo mass. This is because there are
two competing factors regulating the merger fractions:
less massive halos tend to encounter more frequently
comparable-mass halos but have difficulty at the same
time in holding nearby halos, due to their shallower po-
tential well. Many studies have shown the diverse results
of the mass dependence of the merger fraction (Genel
et al. 2009; Xu et al. 2012; Casteels et al. 2014; Keenan
et al. 2014; Rodriguez-Gomez et al. 2015). The diver-
sity can be accounted for by the difference in the mass
ratios at the infall moment and right before the merger
(e.g., Rodriguez-Gomez et al. 2015) and the diverse def-
initions of the major merger (Casteels et al. 2014, and
references therein).
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Figure 6. Relative velocity distributions of flybys (upper) and mergers (lower) at z∼ 0 for the higher mass halos
(log10(hMtarget(z = 0)/M)∈ [12.0, 13.0]; left) and lower mass halos (∈ [11.0, 11.5]; right). The cyan and pink histograms are
for the halo pairs in the low-density environment (ΦEnv≤ 35) and the blue and red histograms are for the pairs in the high-
density (ΦEnv > 65) environment. The pairs are extracted from five successive snapshots near z= 0. The vertical lines indicate
the median values of relative velocities in the low- and high-density environments.
Next, the flyby fraction has a positive correlation with
the environmental parameter. We attribute this to the
high velocity dispersion in denser environments (e.g.,
Evrard et al. 2008). Figure 6 shows the relative ve-
locity distributions of flybying neighbors (upper) and
merging neighbors (lower). For the flybying neighbors
in the upper panels, the median relative velocity for the
higher mass (lower mass) halos is ∼420 (∼270) km s−1
and∼850 (∼480) km s−1 in the low- and high-density en-
vironments, respectively. Intuitively, in the high-density
environment, the relative velocity exceeds more easily
the escape velocity, and thus the number of flybying
neighbors is enhanced. In addition to the high relative
velocity, the flyby fraction is higher because the possibil-
ity of encountering another halo is higher in denser envi-
ronments. As the high relative velocity and the high pos-
sibility arise at the same time, the flyby fraction becomes
more strongly dependent on the large-scale environment.
For the merging neighbors in the lower panels, the rel-
ative velocity distributions do not depend on the envi-
ronment but on the halo mass. The median velocity for
the higher-mass (lower-mass) halos is ∼ 260 (110) km s−1
regardless of the environment. The environmental inde-
pendence of the median relative velocity explains why
the merger fraction shows little or no environmental de-
pendence. Despite the higher encounter possibility in
denser environments, most relative velocities of interact-
ing neighbors exceed the escape velocity of their target
halos, lowering the merger fraction. This is in line with
the notion that it is hard for a merger to happen in the
cluster environment (Ostriker 1980; Wetzel et al. 2008).
5.2. Interpretation of Redshift Evolution of FF, FM,
and FF/FM
In this subsection, we interpret the redshift evolution
of the flyby fraction, the merger fraction, and their ra-
tio in the context of the formation history of the cos-
mic large-scale structure. Figure 7 shows the median
relative velocities of all interacting pairs (both flybys
and mergers) as a function of redshift. In the low- and
intermediate-density environments, the median relative
velocity slightly increases from z= 4 to ∼ 1. The en-
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Figure 7. Upper panels: The median value of relative velocities of interacting companions (both flybys and mergers) as a
function of redshift. Line styles indicate three different halo mass samples: the low-mass halo (dotted), the intermediate-mass
halo (dashed), and the high-mass halo (solid). Lower panels: The difference (∆) in the median value between three different
environments and the intermediate-density environment for the same mass bins. Therefore, all values are zero in the bottom
center panel.
hanced relative velocity hinders the flyby fraction from
decreasing, similarly to the merger fraction. But after
z ' 1 the median relative velocity is roughly constant,
and at the same time the flyby fraction starts to de-
crease (see second row of Figure 3). In contrast, in the
high-density environment, the median relative velocity
dramatically increases toward z= 0. We attribute the
enhancement of the flyby fraction from z= 4 to ∼ 0.3
in the high-density environment to the dramatic rise
in the median relative velocity. This effect also leads
to both the enhanced contribution of flyby-dominated
multiple interactions and the reduced contribution of
merger-dominated multiple interactions with respect to
the multiple interaction fraction. Furthermore, the gap
of the median values between the low-density and the
high-density environments gets wider toward z= 0, in-
dicating that the environmental dependence of the ratio
FF/FM becomes stronger when approaching z= 0. The
boosted environmental dependence is in line with the
evolution of the cosmic web (from voids to nodes; Bond
et al. 1996; Cautun et al. 2014). According to Cautun
et al. (2014), as the total volume of voids expands over
cosmic time, the relative velocity between two halos gets
relatively lower, and accordingly FF/FM gets reduced.
By contrast, as the total volume of nodes contracts over
cosmic time, FF/FM gets enhanced.
Figure 8 is a simple schematic diagram illustrating our
scenario, which links the redshift evolution of two frac-
tions to the hierarchical structure formation. We divide
the formation history into two phases based on Knebe
et al. (2004, 2006), who found a correlation between the
dynamical age of simulated clusters and the frequency
of flybys: the younger, the higher. First, in Phase I,
protoclusters and protogroups formed mainly via major
mergers in the early universe. At this epoch, because
the relative velocity between halos was still low, the
merger fraction was higher than the flyby fraction. Dur-
ing this phase, as the large-scale structure was gradually
growing, infalls of halos and groups took place more fre-
quently with the increasing relative velocity. Hence, the
flyby fraction remains constant or slightly increases. By
contrast, the merger fraction decreased with the decreas-
ing redshift because the hierarchical merging leads to
decline in the halo accretion rate over cosmic time (e.g.,
McBride et al. 2009). For the same reason, the multiple
interaction fraction gets lower toward low redshift.
Next, in Phase II, groups and clusters became dynami-
cally virialized and relaxed, and the number of compara-
ble nearby halos decreased. From the beginning of Phase
II, the flyby fraction started to decline. The turnover of
the redshift evolution for the flyby fraction is logically
consistent with Knebe et al. (2004, 2006). In addition,
the diversity of the turnover redshift of the flyby fraction
is attributed to the fact that the assembly and virializa-
tion of halo systems are mass dependent (e.g., Power
et al. 2012) and environment dependent (e.g., Sheth &
Tormen 2004). During this phase, the continuous merg-
ers and the resultant reduction of the number of compa-
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Figure 8. Simple schematic diagram of the redshift evolution of the flyby fraction (blue solid line) and the merger fraction (red
dashed line). The cosmic structural history of the halo system is divided into two phases and linked to the evolutionary trends
of the flyby and merger fractions. The vertical dotted line indicates the turnover redshift of the flyby fraction.
rable neighbors decrease monotonically the merger frac-
tion. This is more so in the accelerating universe where
halo systems become more isolated with time (Busha
et al. 2003; Behroozi et al. 2013a).
5.3. Contamination of the Observed Pair Fraction by
the Flyby Fraction
Given that the observed pair (flyby + merger) fraction
is used to derive the merger rate, it is important to ex-
amine to what extent the pair fraction is contaminated
by flybys that are observationally indistinguishable from
merging pairs. Back in Figure 6, even up to ∼ 90 % of
the flybys in the low-density region have relative veloc-
ities smaller than 500 km s−1, suggesting that it is hard
to determine, by using only a certain velocity criterion,
whether a pair is a flyby or a merger.
Among the three types of dependence analyzed in
this paper, the mass and environmental dependence of
the flyby fraction should affect the behavior of the ob-
served pair fraction. Survey observations revealed that
the pair fraction does not depend on the stellar mass
(e.g., Xu et al. 2012) but strongly depends on the envi-
ronment (e.g., Lin et al. 2010). The absence of the mass
dependence seems due to the strict merger definition
(D12,projected. 30h−1kpc and V12,radial. 200 km s−1) in
an attempt to reduce the effect of spurious mergers, and
thus the mass dependence of the flyby fraction barely
contributes to the pair fraction. The interaction fraction
also shows little mass dependence because the merger
fraction is dominated by the flyby fraction (FF/FM .
0.1) in the low-density environment, where the mass de-
pendence of FF is the most evident. On the other hand,
the environmental dependence of the pair fraction has
been studied with a rather looser definition for mergers
(D12,projected. 200h−1kpc and V12,radial. 1000 km s−1)
in order to search for paired companions in cluster envi-
ronments. Given that in dense environments, FF/FM &
1, the looser merger definition allows the pair fraction
to be more contaminated by flybys, resulting in the ob-
served dependence of the pair fraction on the environ-
ment.
Flybys also contaminate the redshift evolution of the
observational pair fraction. Depending on the definition
of galaxy pairs, the redshift evolution is observed to be
strong (e.g., Conselice et al. 2009) or weak (e.g., Keenan
et al. 2014) at z. 1 (see also Williams et al. 2011; New-
man et al. 2012; Man et al. 2016; Mundy et al. 2017).
The diverse results are ascribed to the contribution of
flybys that are observationally indistinguishable from
pairs, depending on the merger definition. The pair frac-
tion is expected to be more flattened if the flyby con-
taminates the pair fraction more significantly. Hence, in
order to derive the real merger rate from the pair frac-
tion, the ratio of flybys to pairs (from 0.004 to 0.62; see
bottom panels of Figure 3) should be considered.
Assessing the contribution of interactions to galactic
evolution is further complicated by the following two
factors. Some flybying companions will be turned into
merging companions by dynamical friction. We have
minimized the effect of dynamical friction by applying
the capture criterion to the classification of flybys. De-
spite this consideration, the real number of flybys that a
galaxy experiences during its lifetime, requires the real
flyby rate (e.g., Sinha & Holley-Bockelmann 2012) and
the flyby time scale (between the beginning and end of
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a contact interaction). In addition to the dynamical fric-
tion, some halos experience multiple interactions (Darg
et al. 2011). Although we found that the multiple inter-
action is mainly governed by the flyby-dominated MI,
it is uncertain whether the multiple interaction raises
the flyby effect (e.g., the restricted three-body problem;
Sales et al. 2007) or lowers it (e.g., more mergers due
to dynamical friction; Lacey & Cole 1993; Jiang et al.
2008). According to our results, multiple interactions in
denser environments are expected to enhance the flyby
effect, due to the high relative velocity and numerous
concurrent flybys (∼ 20 % of the flyby fraction).
6. SUMMARY AND CONCLUSION
We have presented the flyby fraction, the merger frac-
tion, and their ratio as functions of the halo mass, large-
scale environment, and redshift. To examine the three
dependencies, a series of cosmological N -body simula-
tions with a mass resolution of 1.5× 108 h−1M, is per-
formed under the ΛCDM cosmology (WMAP 9-year).
We have focused on the interacting systems with halo
masses 1010.8–1013.0 h−1M, with mass ratios of 1:3–
3:1, and with a separation smaller than the sum of virial
radii of the two halos. Our main results are summarized
as follows.
(1) The flyby fraction increases by a factor of 50 with
decreasing halo mass and by a factor of 400 with
increasing large-scale density, while the merger frac-
tion does not show any significant correlation. Var-
ious surveys found that the observed pair fractions
depend on the environment, similarly to the flyby
fraction, but do not depend on the mass, similarly
to the merger fraction. This may suggest that the
flyby contaminates significantly the observed pair
fraction, and the sample-selection criteria of surveys
on environmental dependence allow a higher level
of contamination by flybys compared to studies on
mass dependence.
(2) The flyby fraction increases from z= 0 to ∼ 1, and
then it remains constant or marginally decreases.
The merger fraction shows a monotonic increase
with redshift. Combined with the hierarchical galaxy
formation theory, we propose a scenario for the red-
shift evolution of the flyby and merger fractions: (a)
The flyby fraction remains constant during the for-
mation and developing phase of the large-scale struc-
ture, and then falls off after the relaxation and viri-
alization of the structure; (b) As the halo systems
hierarchically merge, the reduction of the number of
neighbors leads to a decline of the merger fraction.
(3) The multiple interaction fraction depends highly on
the halo mass, environment, and redshift, similarly
to the flyby fraction. Classifying the multiple inter-
actions into three MI types, we find that the flyby-
dominated MIs significantly contribute to the MI
fraction, and the trend is opposite for the merger-
dominated MIs. The numerous concurrent flybying
neighbors reinforce our argument that the flyby is an
influential interaction type in addition to the merger.
(4) The ratio of the flyby fraction to the merger fraction
also shows dependencies on the halo mass, environ-
mental parameter, and redshift, led mainly by the
flyby fraction. The flyby contributes to the pair frac-
tion from 0.4 % to 62 % (on average, ∼ 50 %). The
flyby gives a greater contribution to the pair fraction
(a) for less massive halos, (b) in the higher density
environment, and (c) at lower redshift.
In conclusion, our findings provide a new perspective
that the flyby substantially outnumbers the merger for
one-fourth of the parameter space toward z= 0. The
flyby’s fractional contribution to the dynamical evolu-
tion of galaxies at the present epoch should be stronger
than ever. The importance of flybys is also highlighted
by their contribution to multiple interactions. Although
the flyby is difficult to identify observationally, disk sub-
structures (e.g., warps and tidal tails) and enhancement
of the star formation rate can be consequences of the
flyby events (e.g., Kim et al. 2017). In upcoming papers
in this series, we will further assess quantitatively the
dynamical (e.g., the angular momentum) and hydrody-
namic (e.g., star formation rate) effects of the flyby as
well as the merger.
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APPENDIX
A. EFFECT OF SIMULATION BOX SIZE
In this section, we examine to what extent the simu-
lation box size affects the interaction fractions. The cos-
mic variance and the finite box size effect are inevitable
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Figure 9. Same as Figure 3, but for the difference in the interaction fraction (∆FI; top row), flyby fraction (∆FF; second row),
merger fraction (∆FM; third row), and ratio between two fractions (∆(FF/FM); bottom row). ∆F is the difference between the
value obtained from 10 GOTPM512 simulations and the value obtained from one GOTPM1024 simulation.
in cosmological simulations. As mentioned in Section 2,
the cosmic variance is reduced by using total 11 simula-
tions (10 GOTPM512 and one GOTPM1024) by a factor
of four. However, the simulation box size effect still re-
mains and is more prominent in GOTPM512 simulations
than in the GOTPM1024 simulation because the larger
simulation box better reproduces the universe without
truncation of the large-scale power (Bagla & Ray 2005;
Power & Knebe 2006).
To quantify the simulation box size effect, we compare
between the results of 10 GOTPM512 simulations and
those of one GOTPM1024 simulation. Figure 9 shows
the differences between GOTPM512 and GOTPM1024
simulations in three values (FI, FF, FM, and FF/FM).
The difference is calculated by
∆F =
F (GOTPM512)− F (GOTPM1024)
F (GOTPM1024)
, (A1)
where F (GOTPM512) is a value obtained from 10
GOTPM512 simulations, and F (GOTPM1024) is the
value obtained from one GOTPM1024 simulation. The
differences (∆FI, ∆FF, ∆FM, and ∆(FF/FM)) vary with
the halo masses, environments, and redshifts. In terms
of the halo mass, the high-mass halos (solid lines) show
larger differences than the low-mass halos (dotted lines).
The standard deviation (σ(F )) of the difference over cos-
mic time for the high-mass halos is on average two times
greater than that for the low-mass halos. In terms of the
environment, the differences in the low-density environ-
ment (left columns) are larger than those in the high-
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Figure 10. Comparison between our environmental parameter, ΦEnv, and another popular definition of the environment, 1 + δ.
The latter definition is the ratio between the ambient background density enclosing 20 close neighbors and the mean density.
Colored contours indicate the number of target halos. Black large dots and error bars are the mean values and 1σ scatters of
1 + δ in 10 bins with the same width of ΦEnv.
density environment (right columns). Also, σ(F ) in the
low-density environment is largely enhanced by a factor
of two. In terms of redshift, the differences decrease with
redshift.
The fluctuations of four differences (∆FI, ∆FF, ∆FM,
and ∆(FF/FM)) are likely associated with the number
of halos. As the number of halos decreases with increas-
ing halo masses and decreasing redshifts, the fluctua-
tion increases accordingly. However, the larger fluctu-
ation for the lower density environment (σ(FI)∼ 0.20,
σ(FF)∼ 0.87, σ(FM)∼ 0.20, σ(FF/FM)∼ 0.85) cannot
be explained solely by changes in the number of ha-
los. It seems that GOTPM512 simulations do not
reproduce satisfactorily the low-density environment
rather than the high-density environment. Although
GOTPM512 simulations do not include the biggest
clusters (Mhalo ∼ 1015M), σ(F ) in the high-density
(intermediate-density) environment is ∼ 0.05 (0.09) on
average, and the high-density and intermediate-density
environments seem well described. This implies that
missing the larger-scale power in the simulation af-
fects the interaction fraction more severely in the low-
density environment than in the high-density environ-
ment. Therefore, the effect of small simulation box size
does not change significantly the interaction fractions
in dense environments. Just in passing, we note that a
larger simulation box size is necessary for a statistical
study of our Galaxy and Andromeda in a cosmological
context.
B. DEPENDENCE ON THE DEFINITION OF
ENVIRONMENT
We have used the environmental parameter (ΦEnv) de-
fined by Equations (2) and (3). In Figure 10, our param-
eter is compared with another common environmental
definition (1 + δ), which is a relative contrast to the
mean density (e.g., Park et al. 2007; L’Huillier et al.
2015). The value of 1 + δ is defined by
1 + δ ≡ ρ20
ρ¯
, (B2)
where ρ20 is the ambient background density within an
enclosed region by up to the 20th-nearest-neighbor, and
ρ¯ is the mean density. The two environmental parame-
ters are positively correlated with each other at all red-
shifts. However, the 1σ scatter is quite large because the
two definitions have different intentions; ours is for the
large-scale density, but ρ20 represents the local density.
The effective radii of the 20th-nearest-neighbor are con-
siderably smaller than 5h−1Mpc used in our definition
(Park et al. 2007), implying that ρ20 produces the lo-
cal density in a smaller region than 5h−1Mpc of ΦEnv.
Despite the different intentions, the two definitions alike
describe well the cosmic web types (see our Figure 1 and
Figure A1 of L’Huillier et al. 2015), and thus the com-
parison between our results and those of L’Huillier et al.
(2015) seems reasonable.
C. EFFECT OF DYNAMICAL FRICTION
We have applied the capture criterion to the total
energy to determine whether a neighbor is flybying or
merging. The dynamical friction can cause some pairs
with a positive total energy to be merged. We define the
flyby survival (FS) fraction by
FFS ≡ NE≥∆E
NE≥0
, (C3)
where NE≥∆E is the number of target halos with neigh-
bors with a total energy greater than the capture cri-
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Figure 12. Same as Figure 3, but for the FS fraction (FFS ≡ NE≥∆E/NE≥0).
terion, and NE≥0 is the number of target halos with
neighbors with a positive total energy.
Figure 11 shows the FS fraction in the mass–
environment plane at three different redshifts. Regard-
less of redshift, the FS fraction is higher for the lower
mass halos and in the higher density environments than
their counterparts, respectively. In other words, for more
massive halos and lower large-scale density, the pair sys-
tems more easily lose their energy by dynamical friction.
As mentioned in Section 5.1, owing to the deeper poten-
tial of more massive halos and the lower relative veloc-
ity in the lower density environment, it is difficult for
the total energy to exceed the capture criterion. Thus,
the total energy becomes negative finally. In contrast,
the less massive halo in the denser environment has a
shallow potential and a high peculiar velocity, and thus
when it interacts with a comparable-mass neighbor, the
total energy may easily surpass the capture criterion.
On the other hand, the FS fraction tends to increase as
z = 0 is approached. The mean values of FFS are 0.89,
0.85, and 0.75 at z ' 0, 1, and 3, respectively. This is
consistent with Sinha & Holley-Bockelmann (2012), who
found that ∼ 20 % of flybys at z > 1 are finally merged,
suggesting that 80 % of the flybys sustain their state.
In Figure 12, we further analyze the redshift evo-
lution of the FS fraction. In the low-density environ-
ment, the FS fractions are almost constant for the low-
and intermediate-mass halos (FFS ∼ 0.69 and 0.55) but
increase with redshift for the high-mass halos. In the
intermediate-density environment, the FS fractions for
the low- and intermediate-mass halos slightly decrease
with redshift. For the high-mass halos, FFS is roughly
0.51 at all redshifts. In the high-density environment,
the decreasing trend is evident for all mass ranges; on
average, FFS(z = 0) ∼ 0.91 and FFS(z = 2) ∼ 0.82. This
is likely associated with the redshift evolution of median
relative velocities (see Figure 7). A dramatic drop in the
relative velocity may lead to the reduction of FFS.
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